3A3171).
Introduction
Normal auditory function depends on the unique ionic compositions of the endolymph and perilymph within the inner ear. In the mammalian cochlea, endolymph contains high levels of K+ and low levels of Na', whereas the opposite is true of perilymph (Smith et al., 1954) . The endolymph's high resting positive potential of 80-100 mV, known as the endocochlear potential or EP (Davis, 1958; BEkEsy, 1952) , presumably is related to its high K+ content and is thought to arise from metabolic activity of the striavascularis (Tisaki and Spyropoulos, 1959; Davis et al., 1958) (for review see Marcus, 1986) .
Precisely how endolymph and perilymph acquire and maintain their different elemental and electrical states remains poorly understood. Early metabolic studies demonstrated that the electrogenic mechanism is closely associated with both EP and cochlear cation gradients (Konishi and Mendelsohn, 1970; Kuijpers and Bonting, 1970; Johnstone, 1965; Davis et al., 1955) and described high Na,K-ATPase activity in stria vascularis and spiral ligament (Kuijpers and Bonting, 1969; Iinuma, 1967; Kuijpers et al., 1967) . Enzyme cytochemical and immunohistochemical studies later local-' Supported by National Institutes of Health Grants DC00422 and DC00713. minally and Na' serosally across the marginal cell's basolateral membrane by Na,K-ATPase and passive flux of K+ and Na+ across the apical plasmalemma serve to generate the endolymph-perilymph cation gradient (Offner et al., 1987; Salt et al., 1987; Kobayashi et al., 1985) .
Histochemical findings further complicate theories of cochlear ion flux and EP generation. Autoradiographic surveys with [ 3H]ouabain have demonstrated high levels of Na,K-ATPase activity in stromal cells of the spiral prominence, external sulcus, and spiral limbus (Kerr et al., 1982) . More recent immunohistochemical (Ichimiya et al., 1993; Spicer and Schulte, 1991; Schulte and Adams, 1989 ) and in situ mRNA hybridization studies (Ryan and Watts, 1991) have confirmed the abundance of Na,K-ATPase in subpopulations of inner ear fibrocytes. These results imply the active involvement of fibrocytes and other structures in addition to the stria vascularis in inner ear ion flux and necessitate their incorporation into models of EP generation.
Current investigation has defined the existence of at least three different isoforms of the a-subunit and two different isoforms of the P-subunit of Na,K-ATPase (for review see Stahl and Baskin, 1990; Martin-Vasal10 et al., 1989) . These isoforms occur in an organand cell type-specific distribution in many tissues including kid-843 NA,K-A"F'ASE ISOFORMS IN GERBIL INNER EAR ney, brain, pineal gland, eye, liver, heart, and inner ear (Ryan and Watts, 1991; Watts et al., 1991; Sweadner, 1989) . The physiological significance of the P-subunit remains obscure, but the a-subunit is thought to mediate catalytic activity. Its isoforms have different activities and capacities for movement of Na' and K' (Shyjan et al., 1990; Sweadner, 1985) .
Defining the precise cellular distribution of the known Na,K-ATPase isoforms in the inner ear is requisite to formulating precise models of ion flux and electrical activity. Here we define the distribution of the aand 0-isoforms of Na,K-ATPase in adult gerbil cochlea using isoform-specific immunocytochemical techniques. The observations provide a basis for possible interpretation of the functional significance of the site-specific expression of Na,K-ATPase isoforms in inner ear tissues.
Materials and Methods
Animals and Tissue Collection. Inner ears were obtained from 10 3-month-old gerbils (Merioner ungrriculatrcs). The animals were born and raised in the colony where mean noise level approximated 40 dBA (Mills et al., 1990) . The care and use of animals were approved by the Medical University of South Carolina's Animal Review Committee under NIH grant DC00713.
Gerbils were weighed and then anesthetized with sodium pentobarbital (50 mglkg IP). Routine electrophysiological tests, including measurement of compound action potential (CAP) thresholds, cochlear microphonic input-output functions, and endocochlear potential, were conducted in a heated, double-walled sound booth to assess hearing status before harvesting of cochlear tissue (Schulte and Schmiedt, 1992; Schmiedt, 1979 Schmiedt, , 1989 . The young animals used here all had excellent hearing, as assessed electrophysiologically.
After conclusion of the physiological experiments, anesthetized gerbils were exsanguinated by tramcardial perfusion. An initial perfusate of 10 ml of warm physiological saline containing 0.1% sodium nitrite was followed by a 30-ml perfusate of zinc-formalin fixative at room temperature (RT). Zinc-formalin fixative consisted of a 10% solution of formalin in saline containing 0.5% zinc dichromate. adjusted to pH 5 just before use. After opening the bulla, removal ofthe stapes, and perforation of the round window membrane, the scala vestibuli was perfused with 0.5 ml of fixative with a modified syringe at the oval window. Inner ears were harvested quickly and immersed in fixative to yield a total fixation time of 30 min. Cochleas were then rinsed with PBS. pH 7.2, and scalae vestibuli were also perfused with buffer.
One cochlea from each gerbil was decalcified in 4 N formic acid overnight at RT, and the other was decalcified in 0.12 M E m with gentle stirring for 4 days at RT. The EJYJA solution was changed every 24 hr. Decalcified cochlear pairs were dehydrated through a graded series of alcohols (70%.
2 hr, 80%, 2 hr; 95%, twice for 2 hr; loo%, three times for 1 hr), cleared with Histoclear (twice for 1 hr) (National Diagnostics; Manville, NJ), and embedded side by side (twice for 1 hr at 58°C) in Paraplast Plus (Curtin Matheson; Marietta, GA). Serial sections 5 pm thick were cut along the mid-modiolar plane, mounted on glass slides. and stored at RT. E~r y twentyfifth section was stained with hematoxylin and eosin ( H a ) . Selected sections were immunostained for Na,K-ATF'ase as described below.
Immunohistochemistry. The polyclonal antisera and monoclonal antibodies (MAb) against Na,K-ATPase subunit isoforms were obtained from commercial and non-commercial sources (see below). The staining procedure was similar to that described previously (Schulte and Schmiedt, 1992; Schulte and Adams, 1989) . Sections were deparafhized, rehydrated, and treated with 3% H202 for 10 min to inactivate endogenous peroxidases. Sections were then rinsed in PBS for IO min and immunostained with a V e c t k ABC Peroxidase kit (Vector Laboratories; Burlingame, CA). Standard protocol included exposure to blocking serum for 20 min, rinsing in buffer, and incubating tissue with optimal dilutions of primary antiserum overnight at 4'C. After this incubation, sections were rinsed in PBS for 10 min and exposed to biotinylated secondary antibody for 20 min. After another 10-min rinse in PBS, sections were flooded with Vectastain ABC reagent for 30 min. Sites of bound primary antibody were visualized by incubation in 3,Ydiaminobenzidine-HzO~ substrate medium.
Antisera tested included a rabbit polyclonal antiserum raised against bovine brain cortex Na,K-ATpase (31b), which appears to recognize most if not all known isoforms of Na,K-ATPase (gift from Dr. George Siege], Department of Neurology, University of Michigan Medical School, Ann Arbor, MI), and commercially available isoform-specific rabbit antisera against the al-, a2-, a3-, pl-. and pZ-isoforms of rat Na,K-ATPase (UBI; Upstate Biotechnology, Lake Placid, NY). In addition, mouse monoclonal antisera against ab, a&, and a3-isofoms were kindly donated by Dr. Kathleen Sweadner (Neurosurgical Research Unit, Massachusetts General Hospital, Boston, MA).
Control sections were processed in panllel and consisted of omission of primary antiserum or antibody from the staining sequence or substitution of primary antiserum or antibody with nonimmune rabbit serum or mouse ascites fluid. In addition, composite blocks of similarly fixed gerbil tissue containing organswith known isofom content were inchdcd as pasitive and negative staining controls in the protocols.
Results
All five of the known subunit isoforms of Na,K-ATPase were present in the inner e a of the 10 adult gerbils. The different aand 0-isoforms showed highly reproducible and unique distributions among epithelial, fibrocytic, and neuronal components ofthe cwhlea and vestibular system. The polyclonal antisera and MAb against the three a-subunit isoforms produced identical staining pattems. However, initial studies showed that immunostaining with polyclonal antisera resulted in stronger staining than with MAb. It was also observed that cochleas decalcified in EDTA yielded a stronger signal than those decalcified in formic acid. Accordingly, all illustrations of isoform expression in the inner ear were taken from inner ears decalcified with EDTA and stained with polyclonal antisera. Staining results are summarized in 'Igble 1 and illustrated in Figures 1-5. A cochlea stained with H&E is shown in Figure la to allow easier identification of structures shown in the photomicrographs that follow.
A polyclonal antiserum (31b) thought to react with most known molecular forms of Na,K-ATPase stained several sites in the gerbil inner ear as reported previously (Spicer et al., 1990; Schulte and Adams, 1989) . The stria vascularis and subpopulations of fibrocytes in the inferior portion of the spiral ligament and at the lateral and medial borders of the scala vestibuli just superior to the attachment of Reissner's membrane stained strongly ( Figure Ib ). Fibrocytes in the spiral limbus stained less intensely. Strong staining also was observed at the surface of spiral ganglion cells and along unsheathed nerve fibers beneath inner and outer hair cells. In the vestibular system, immunostaining was present along the basolateral membrane of dark cells, cuboidal (transitional) cells bordering maculae, and planum semilunatum cells bordering cristae. Unsheathed nerve processes underlying vestibular hair cells and surfaces of vestibular ganglion cells also showed moderate to strong staining.
The al-isoform of Na,K-ATPase was distributed widely in the inner ear and was the sole catalytic subunit found in cochlear and Table 1 ). Strong immunostaining was present at the basolateral surface of strial marginal cells and vestibular dark cells. Interdental cells and outer sulcus epithelial cells in the cochlea and transitional cells in the vestibular system reacted with less intensity. Fibrocytic cell populations reactive for al-isoform included Type 1 1 and IV fibrocytes in the inferior portion of the spiral ligament ( Figures IC and 3a) . Suprastrial fibrocytes at the lateral border of the scala vestibuli also stained with moderate intensity (Figure 3c ), as did limbal fibrocytes (Figure IC) . Fibrocytes lying superior to the limbus (supralimbal Gbrocytes) were non-reactive, as were subepithelial fibrocytes of the vestibular system. Staining of variable intensity was present at the periphery of ganglion cells in the spiral ganglion and the superior and inferior vestibular ganglia, but close examination showed that this reactivity was associated exclusively with satellite cells (Figures  4c and sa) . The a2-isoform was not found in any epithelial cell type in the inner ear but showed variable expression in subpopulations of fibrocytes ( Figure Id; Eble 1) . The a2-subunit was abundant in fibrocytes in the supralimbal region of the cochlea. Less intense stain-ing was present in a small number of Type I1 fibrocytes adjacent to large vessels in the region of the spiral prominence (Figure 3b ). Limbal fibrocytes ( Figure Id) , superficial fibrocytes in the suprastrial zone (Figure 3d ), and subepithelial fibrocytes of the vestibular system (Figure 2b) were also reactive with antiserum against the a2-isoform. Among neural elements, neurons in the VI11 nerve root and satellite cells surrounding some neurons only in the superior division of the vestibular ganglion stained for the a2-isoform (Figures 5b and 5f) .
The a3-isoform was not detected in any epithelial or fibrocyte cell type in the inner ear. However, moderate reactivity was present in ganglion neurons and afferent nerve endings throughout the cochlea and vestibular system (Figures 4a, 4b, and 5c ). No immunoreactivity was evident in satellite cells surrounding ganglion neurons. Slight expression was noted in neurons of the VI11 nerve root.
The pl-isoform, like al, was distributed widely among cochlear and vestibular cell types (Figures le, 2c, 4d , and 5 d Zble 1). In epithelial cells, expression was similar to that of al, with two exceptions: no pl immunoreactivity was evident in strial marginal or vestibular dark cells. Among fibrocytes expressing either al, a2, or both, the antiserum against pl-subunit stained Type I1 and IV and suprastrial and supralimbal fibrocytes but failed to react with limba1 fibrocytes and subepithelial fibrocytes in the vestibular system. Ganglion neurons (Figure 4d ) and afferent nerve endings in the inner ear (Figure le) showed moderate to strong staining for the pl-isoform. Neurons in the VI11 nerve root were moderately reactive ( Figure Sd) .
The pZ-isoform, unlike p1, showed a highly selective and very restricted distribution (Figures Hand 2d) . The p2-subunit was abundantly expressed only at the basolateral surface of stria! marginal cells and vestibular dark cells. Other epithelial cell types, fibrocytes, and peripheral neural elements in the inner ear failed to react with antiserum against the p2-isoform. In contrast, neurons in the VI11 nerve root, which are considered to belong to the central nervous system, stained strongly for this isoform (Figure se) .
Control sections in which non-immune rabbit serum was substituted for primary antiserum against Na,K-ATPase lacked specific immunostaining. Composite block tissue demonsuated isoform expression consistent with that previously described in the literature.
Gerbil kidney and skeletal muscle, illustrated in Figure 6 , showed strong immunoreactivity for the 01-and pl-isoforms and for the a2-isoform. respectively.
Discussion
The aand f3-isoforms of Na.K-ATPase show a cell type-specific expression pattern in many organs and tissues (for review see Sweadner. 1989) . Recently, the distribution of all five known subunit isoforms was mapped in the inner ear of the rat by in situ hybridization with mRNA probes (Fina et al., 1993; Ryan and Watts, 1991) . Our findings here using immunohistochemical methods showed a cell type-specific expression pattern in gerbil inner ear that was highly consistent with that found in the rat. A! ! five isoforms were present in both species, with the aland pl-isoforms predominating. Suial marginal cells and vestibular dark cells uniquely expressed the al/f32 heterodimer in both species. Ganglion neurons in both the rat and gerbil expressed the a3/p1 combination, and the a2isoform was found in selected populations of fibrocytes in both species. Minor differences between the rat and gerbil in isoform expression in hair cells. supporting cells, Boettcher's cells, and in Reissner's membrane may be real or could be accounted for by differences in the two histochemical methods employed. Detection of mRNA does not ensure that the cell is actively translating message and producing subunit protein. Conversely, cell types containing subunit protein, as detected by immunostaining. may contain relatively low levels of mRNA.
The functional implications of the cell-specific expression of various isoforms of Na,K-ATPase are still poorly understood. However. subunit diversification among cells is believed to reflect important differences in modulation of transport processes. Among the three known a-isoforms of Na,K-ATF'ase (al, a2, a3), the al-subunit has the widest distribution and is believed to function in maintaining cell and tissue homeostasis under normal Na' and K+ loads . The a2-and a3-isoforms have been found primarily in excitable tissues a d a r e believed to be associated with more specialized functions of neurons and glial cells (Schneider. 1992; Corthesy-Theulaz et al., 1990) . It is speculated that the a2-subunit in glial cells functions to buffer increased extracellular K+ generated during neuronal activity via regulating its uptake and redis-tribution into plasma and cerebrospinal fluid. Localization of a3 in pinealocytes and retinal photoreceptors has led to the suggestion that this isoform may be specialized to maintain Na+ and K' gradients during hyperpolarization of the membrane potential (Schneider, 1992; Schneider and Kraig, 1990; Shyjan et al., 1990) .
The function of the B-subunit is even less well defined than that of the catalytic a-subunit. The B1-subunit isoform is distributed widely among different tissues and cell types, whereas p2 has been localized in only a few sites. The relatively ubiquitous distribution of the PI-isoform supports its possible role in maintaining cell and tissue homeostasis. Recently, the p2-isoform has been identified as an adhesion molecule expressed on glia (AMOG), and is reported to mediate neuron-astrocyte interactions (Gloor et al., 1990) . It also has been localized to cells of the CNS that exhibit specialized ion-translocating properties, such as glia, choroid plexus, and arachnoid membrane .
The scala media is bounded by several types of highly specialized epithelial cells connected apically via tight junctions. Although minor species differences may exist, many of these epithelial cell types, such as those lining Reissner's membrane and the outer sulcus Na,K-ATPase heterodimer. This subunit combination is also found in transitional epithelial cells bridging the gap betwcen neurosensory epithelium and dark cells lining the vestibular duct. This widespread distribution suggests that all of these cells participate in moving K+ luminally and Na+ abluminally under normal or near-normal physiological conditions, i.e., in the presence of high extracellular Na+ and low extracellular K+ and vice versa. The aUp2-subunit combination was present only in two inner ear cell types. Expression of this heterodimer in both strial marginal and vestibular dark cells suggests an active role for this subunit complex in generating the large transepithelial ion and voltage gradients in the inner ear. However, generation of the large potential difference between perilymph and endolymph in the cochlea must involve other factors, since a much lower voltage gradient is present in the vestibular system. The al-and P2-subunits also are found in choroid plexus epithelium. The choroid plexus functions similarly to inner ear epithelia, using Na,K-ATPase in an energydependent fashion for the transepithelial movement of Na+ and K+ and production of CSF. However, Na+ and K+ levels in CSF resemble those in perilymph rather than endolymph, and there is not believed to be a large transepithelial voltage gradient between CSF and plasma.
Evidence of the ion transport capacity of specialized fibrocytes in the lateral wall and limba1 regions of the cochlea has been provided by immunolocalization of several transport-mediating enzymes such as Na.K-ATPase. carbonic anhydrase, and creatine kinase (Spicer and Schulte, 1991) . Large numbers of fibrocytes underlying the spiral prominence and bordering the attachment sites of Reissner's membrane express the al-isoform in combination with the pl-subunit. Smaller subpopulations of fibrocytes in each region express the a2-subunit. Expression of the a2-subunit in the spiral prominence is limited to a small number of Type I1 fibrocytes intimately associated with blood vessels and the root processes of the external sulcus. In the suprastrial region, fibrocytes lying adjacent to the scala vestibuli expressed the a2-isoform, whereas those lying deeper in the ligament did not. Supralimbal fibrocytes also stained for an abundance of the a2-subunit in conjunction with pl.
Localization of the a2-isoform in astrocytes has led to the speculation that this isoform is able to function in environments rich in extracellular K+ where efficient K+ uptake is necessary . If confirmed, this implies that K' levels are higher in fluids surrounding the a2-rich fibrocytes than in those bathing cells expressing the al-isoform. Therefore, both the a2-and the al-positive fibrocytes may function to siphon cations across tissue compartments to maintain essential ion gradients (Schulte and Adams, 1989) . Fibrocytes adjacent to the stria, such as those in the prominence and suprastrial zones, could be directly involved in the cycling or recycling of K+ from blood or perilymph for use by Na,K-ATPase in the strial marginal and outer sulcus epithelial cells. Those in the supralimbal region and limbus would play an analogous role, capturing K+ leaked across Reissner's membrane and moving it through gap junctions to the region underlying interdental cells, where it can be recycled into endolymph. In the vestibular system, a2-positive fibrocytes beneath the neurosensory epithelia possibly absorb K+ effluxing through vestibular hair cells and move it again via gap junctions down a concentration gradient in close proximity to transitional and dark cells for repumping into vestibular endolymph.
Localization of the a3/pl complex in neurons and nerve endings of the cochlea and vestibular system was not unexpected, as this subunit combination predominates in neurons (Hieber et al., 1991; Watts et al., 1991; Hsu and Guidotti, 1989; Urayama et al., 1989 ). Abundant Na,K-AlTase in neurons functions to reestablish the resting membrane potential after the generation of action potentials.
Further complicating the correlation of cell isoform content to transport properties are studies showing that individual cells can express more than one aand p-isoform (McGrail et al., 1991; Watts et al., 1991; McGrail and Sweadner, 1986) , as was observed here for some inner ear fibrocytes. In cells possessing more than one ap combination, quantitative and spatial distribution differences may provide the clues necessary for elucidating the contributions of the isoforms to the cell's transport functions. Demonstration of different Na,K-ATPase isoforms in functionally defined inner ear cell types and, conversely, localization of functionally defined isoforms to inner ear cells have provided further insight into the biological significance of Na,K-ATPase isoform heterogeneity.
